The extraction behavior of rare-earth elements on silica gel impregnated with petroleum sulfoxide (PS0) from an aqueous NH4SCN solution was systematically investigated. With a batch method, the distribution ratios and separation factors of rare-earth elements in this medium were determined. The composition of the extracted complex was determined by a slope analysis as being (PSO)3RE(SCN)C12. Through the IR spectra it was proved that the oxygen atom of the >S=0 group in PS0 coordinates the rare-earth element to form the extracted complex. The standard enthalpy (zHRE) in the process of PSO-extraction of rare-earth elements was measured; OHRE indicated that the distribution process of the rareearth element between the PSO-silica gel stationary and NH4SCN mobile phases is an exothermic process. Moreover, the stabilities of the extracted complexes are discussed in terms of L(z G°)Ln/Y, the relative standard free energy of complex formation (OGLn-DGY). The quantitative separation of yttrium from lanthanides has been achieved by this method, which was also used in an analysis for yttrium in the Jiangxi ionic-type rare-earth ores of China. Yttrium and lanthanides have been known together as rare-earth elements because of their extreme similarity in physico-chemical behavior; thus, the separation and purification of yttrium from mixed rare earths as well as its determination are usually difficult. So is an analysis for trace lanthanides in high-purity Y203.' Recently, more than 99.99% high-purity Y203 has been required in some functional materials, such as super-conductors, laser crystalline, and the phosphor used in phosphor screens. Thus, it is very important and necessary to study the separation method of yttrium and lanthanides.
Yttrium and lanthanides have been known together as rare-earth elements because of their extreme similarity in physico-chemical behavior; thus, the separation and purification of yttrium from mixed rare earths as well as its determination are usually difficult. So is an analysis for trace lanthanides in high-purity Y203.' Recently, more than 99.99% high-purity Y203 has been required in some functional materials, such as super-conductors, laser crystalline, and the phosphor used in phosphor screens. Thus, it is very important and necessary to study the separation method of yttrium and lanthanides.
Among the ordinary separation methods of rareearth elements, such as 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone (PMBP)2 extraction, di(2-ethylhexyl) hydrogenphosphate (HDEHP)3 and 2-ethylhexyl hydrogen 2-ethyhexyl phosphine [HEH(EHP)]4 extraction chromatographies, the distribution ratio of yttrium was very similar to those of the heavy rare-earth elements. Moreover, it is seldom that the yttrium distribution ratio was smaller than those of the lanthanides.5,6 Therefore, a separation system in which the distribution ratio of yttrium is smaller than those of lanthanides certainly has great significance in an analysis for yttrium in mixed rare earths, and that for the traces of other rare-earth elements in high-purity yttrium as well as the purification of yttrium. The separation system using sulfoxides-NH4SCN is a rare case that shows such a characteristic in t To whom correspondence should be addressed.
the separation of yttrium and lanthanides. Since organic sulfoxides contain a semi-polar sulfur-oxygen group, S-~O, it is very effective in coordinating metal ions. The extraction behavior of many elements with sulfoxides has been investigated.? -14 Among various kinds of sulfoxides, petroleum sulfoxide (PSO) was obtained by the oxidation of a fraction of petroleum sulfides with boiling temperatures of 200 -250°C. Since PSO was introduced as an agent for the solvent extraction of metal ions, its applications in the field of separating rare-earth elements with solvent extraction and extraction chromatography have been widely valued. [15] [16] [17] [18] It has been applied to both separate and determine yttrium from mixed rare-earth elements19,2° and the impurities of rare-earth elements in high-purity Y20321 by extraction chromatography.
However, the chromatographic distribution behavior of rare-earth elements has not been fully understood; the composition of the extraction complex has not been known, and the thermodynamic behavior of the rare-earth elements in the process of PSO-extraction chromatographic separation has not been investigated.
In this study, the distribution ratios of rare-earth elements between the PSO-silica gel stationary and NH4SCN mobile phases were determined using a batch method in order to avoid errors in the measurements, because the chromatographic method often introduces serious errors due to a distortion of the chromatographic peaks.
Moreover, the composition of the extracted species has been proposed to be (PSO)3Ln(SCN)C12 based on a slope analysis and the IR spectra. 
Reagents
Petroleum sulfoxide (PSO, from Jiang Hang Petroleum Chemical Plant of China): the total sulfur content of PSO was 11.37%, the sulfur of sulfoxide 8.38% and sulfoxide 73.5%, the average molecular weight 280.
PSO-silica gel as the chromatographic stationary phase was prepared by mixing an appropriate amount of PSO, diethylether and 150 -200 mesh silica gel (from QingDao HaiYang Chemical Plant, China), followed by evaporating the mixture to dryness under an IR lamp with occasional stirring. 20 The concentration of PS0 in the stationary phase could be determined at 212 nm with a UV spectrophotometric method after PSO was eluted by cyclohexane from the stationary phase.
Yttrium and lanthanides standard solutions: Y203 or Ln203 (purity>99.99%, from Changchun Institute of Applied Chemistry, the Academy of Sciences of China), 1.00 mg cm 3 and 0.100 mg cm 3, respectively.
HCl stock solution: 4.00 M, analytical reagent grade. NH4SCN stock solution: 4.00 M, analytical reagent grade.
All of the other chemicals used were of analytical reagent grade. Deionized water was used throughout.
Experimental procedure Measurement of the distribution ratio of yttrium and lanthanides with a batch method PSO-silica gel (1.00 g), appropriate amounts of the solution of each of lanthanides including yttrium and NH4SCN solution as well as appropriate concentration KCl solution, which was used to control the ionic strength of aqueous phase, were added in a shaking bottle; the volume of the aqueous phase was adjusted to 20 ml and the temperature was controlled by a Shimadzu TB-85 recycle water bath. After the bottle was shaken for 120 min in spite of the equilibrium being achieved within 60 min, the aqueous ANALYTICAL SCIENCES APRIL 1996, VOL. 12 phase was filtered out. The contents of lanthanides and yttrium in the liquid phase was determined by an Arsenazo III spectrophotometric method (microquantity) or EDTA titration (macroquantity). The distribution ratio (D) can be obtained by using
where Co and C denote the initial concentration and equilibrium concentration of yttrium or lanthanides, respectively, V is the volume of liquid phase (ml), and m is the mass of the PSO-silica gel (g). Preparation of the extracted complexes of PSO and rare-earth element, including yttrium for the JR-measurements. An RE203 [in which RE indicates yttrium(III) or lanthanides(III)] solution (1.00 mg cm 3) containing SCNand Cl-was added into a 5 g PSO silica-gel column until the concentration of RE203 in the effluent reached 1.00 mg cm 3, making the liquid on the column to flow out. Then, the extracted complex was stripped from the column with ether, and the ether evaporated out of the effluent. Through washing with ether several times, the extracted complex could be obtained.
Results and Discussion
Determination of the composition of the extracted complex Assuming that the composition of the extracted complex is (PSO)1RE(SCN)1Cl3 ;, the extraction reaction is expressed as
where subscripts s and aq denote the stationary and mobile phases, respectively. All of the experiments were performed at a constant ionic strength (1.5 mol dm-3). Since the concentrations of RE(III), SCN-and Cl-employed were very low and the PSO concentration was sufficiently in excess compared with those of the RE ions, the change in the activity coefficients might be ignored in this case. Thus, the equilibrium constant (K) of this extraction reaction can be expressed as 
IR spectra of extracted complexes The IR spectra of the extracted complexes of yttrium and lanthanides are very similar to each other. The IR data of the extraction complexes and PSO are shown in Table 1 . At 3400 cm', there is an obvious hydroxyl peak in the IR spectrum of PSO because oxygen of 0=S< in PSO combines with water through a hydrogen bond. This peak, however, disappears in the IR spectrum of the extracted complex, indicating that RE(III) replaces water molecules in the extracted complex. At 2030, 2033 and 2037 cm 1, there is a strong and sharp peak in the spectra of the (PSO)3Y(SCN)C12, (PSO)3Er(SCN)Cl2 and (PSO)3Nd(SCN)C12 extracted complexes, respectively, which is the characteristic absorption of SCN-. On the other hand, there is no characteristic absorption peak of free NH4SCN at 1400 cm 1. Thus, SCN-exists in the extracted complex. The characteristic absorption peak of 0=S< in PSO is at 1020 cm-1, but shows red shifts to 997, 993 and 985 cm' in the IR spectra of (PSO)3Y(SCN)C12, (PSO)3Er(SCN)C12 and (PSO)3Nd(SCN)C12. Such phenomena prove that the oxygen of the 0=S< group in PSO coordinates Ln(III) and Y(III);22 it also indicates that the stability of the extracted complexes is in the order (PSO)3Nd(SCN)C12>(PSO)3Er(SCN)C12> (PSO)3Y(SCN)C12.
Effect of temperature on the distribution ratios and separation factors of yttrium and lanthanides
The distribution ratios and separation factors were determined at different temperatures with a batch method, the results being listed in Table 2 . The distribution ratios decrease along with an increase in the temperature. In this system the distribution ratio of Y(III) is the smallest and that of erbium the next smallest; on the other hand, the distribution ratio of samarium is the largest. The separation factor of lanthanides and yttrium (f.3Ln~Y) decreases slightly along with an increase in the temperature (Table 2) . Among the separation factors, at 25° C, asm~Y is the largest (5.10) and ,8Er,Y is the smallest (2.03). These results agree with the results of PSO-extraction chromatography20, the blank zones (2), T is the absolute temperature and R is the gas constant. Assuming that LHRE is constant in the range (15± 0.1)° C to (45±0.1)° C, the value of aHE can be calculated from the slope of the line of In D versus 1 / Tof each lanthanide or yttrium. Typical plots of In D vs. 1 / T are shown in Fig. 3 , and the value of LHRE are listed in Table 3 . It can be seen from Table 3 that all of the values of OHRE are negative, indicating that the transfer of yttrium(III) and lanthanides(III) from the mobile to the stationary phase is an exothermic process. The distribution ratios of yttrium(III) and lanthanides-(III) decrease along with an increase in the temperature, thus leading to a decrease in the retention time along with an increase in the temperature in the process of PSOextraction chromatographic separation of yttrium(III) and lanthanides(III). Table 2 The distribution ratio D and separation factor IBRE/Y in PSO-NH4SCN systems a. The average of six duplicate runs. Fig. 3 Poll of in DRE vs. 1 / T. where g6Ln,y is the separation factor of the lanthanides and yttrium. Li(Z G° )Ln~ y at constant composition with both of phases, when neglecting the activity coefficients, is regarded as being the relative standard free energy of complex formation.24 Plots of z(~G°)Lf; y versus the atomic number (z) are shown in Fig. 4 . z(z G°)Lf/Y shows a specific feature along with an increase in the atomic number of the lanthanides as well as an obvious gadolinium break effect.25-2' The values of a(0 G° )Ln; Y of light rare-earth elements (La3+4f°-> Gd3+4f') are more negative than those of the heavy rare earth elements (Tb3+ 4f8 -3 Lu3+4f 14). This fact means that the stabilities of the extraction complexes of the light rare-earth elements are higher than those of the heavy rare-earth elements in this system. Also, the stability of the extraction complex of yttrium is close to those of the extraction complexes of the heavy rare-earth elements, especially Er(III Fig. 5 . In general, the separation of yttrium from light rareearth elements is easier than that from heavy rare earth elements in the PSO-NH4SCN system. From the above discussion, the degree of separation of yttrium from the lanthanides in this system is in the order 
Analysis of practical sample
This method was applied to a determination of Y203 in ionic-type rare-earth ores of Jiangxi, China. After adding a 5.00 ml sample solution containing 5 mg of the ore on the column, the column was eluted with a 0.40 mol dm 3 NH4SCN solution at 30°C; the content of Y(III) in the effluent was determined by EDTA titration. As many as six duplicate runs were carried out, the average value for the content of Y203 in the ore was 60.7%, and the relative standard deviation (RSD) was 0.16%. This result is in good agreement with that of the X-ray fluorescence analysis method (%Y203: 60.5; RSD: 1.5%). 
